Changes in the morphology and functions of vacuoles provide useful information about the mechanism of cell death. In the present study, we monitored the morphology and contents of vacuoles during the death of ray parenchyma cells in the conifer Cryptomeria japonica. In differentiating xylem, ray parenchyma cells had large central vacuoles. In sapwood, vacuoles in ray parenchyma cells contained proteins, an indication that one of the main functions of these vacuoles might be protein storage. A dramatic decrease in the protein content of some vacuoles was detected in the intermediate wood before the initiation of vacuole rupture. Although vacuole rupture was detected from the intermediate wood to the outermost heartwood, some vacuoles were obviously enlarged in the inner intermediate wood. Condensed nuclei were first observed after the rupture of these large vacuoles in ray parenchyma cells. It seems plausible that the autolysis of the contents of ray parenchyma cells might be caused by the rupture of the enlarged vacuoles in the inner intermediate wood.
Introduction
Wood consists of several kinds of secondary xylem cell that have a variety of functions. Cell death plays a critical role in the determination of the function of secondary xylem cells. Long-lived xylem ray parenchyma cells (ray parenchyma cells) retain their organelles for several years or decades, and they play important roles in the storage and radial transport of materials [1, 2] . In addition, ray parenchyma cells are involved in the heartwood formation and they synthesize heartwood substances, such as polyphenols, that contribute to resistance to decay and the color and odor of wood, prior to their death [3] [4] [5] [6] . In previous studies, we investigated the death of ray parenchyma cells as a model of the death of long-lived xylem cells in situ. The death of ray parenchyma cells does not occur successively even within the same radial cell lines of a ray, suggesting that the death of ray parenchyma cells might not be controlled in a timedependent manner [7] [8] [9] . Thus, the mechanism of the death of ray parenchyma cells might differ from that of the timedependent programmed cell death of short-lived tracheary elements [10, 11] .
Morphological changes in and the functions of vacuoles have been used for the classification of programmed cell death in plants [12, 13] , and it is necessary to clarify these features of vacuoles if we are to understand the mechanism of the death in ray parenchyma cells. In the case of xylem cells, morphological changes in and the functions of vacuoles have been well-characterized during the programmed cell death of short-lived xylem elements, in particular, the tracheary elements of cultured cells in the Zinnia system [11] . After completion of the formation of secondary walls, rupture of the large central vacuole caused autolysis of the nucleus and other organelles [14] [15] [16] . In contrast, the fragmentation of nuclear DNA was detected before vacuole rupture during cell death in wood fibers in Populus [17] . These observations indicate that patterns of organelle degradation differ between tracheary elements and wood fibers. However, much less information is available about morphological changes in and functions of vacuoles during the death of ray parenchyma cells. Enlargement of vacuoles [18, 19] and decrease in the number of organelles [18, 20] have been observed in the inner intermediate wood (white zone) of Cryptomeria japonica, but the functions of vacuoles during the death of ray parenchyma cells remain to be clarified.
In the present study, we monitored the timing of vacuole rupture, morphological changes, and the disappearance of nuclei during the death of ray parenchyma cells in C. japonica in an attempt to identify a relationship between the vacuole rupture and the autolysis of nuclei. In addition, we monitored changes in the morphological features and contents of vacuoles in the radial direction to determine where the death-related changes in vacuoles could first be detected. Finally, we assessed the functions of vacuoles during the death of long-lived ray parenchyma cells.
Materials and methods

Plant materials
Four C. japonica trees of approximately 38 years of age, growing at the Field Museum Tama Hills of the Tokyo University of Agriculture and Technology in Hachioji-Tokyo (35°63′N, 139°37′E), were used in this study. Small blocks containing phloem, cambium and xylem, and incremental cores containing sapwood and heartwood were taken from stems at breast height. Samples were taken in May 2015, when secondary xylem was actively differentiating.
Preparation of specimens
Samples were fixed overnight at room temperature in a 4% solution of glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). Radial sections of approximately 40-μm thickness were cut on the freezing stage of a sliding microtome (TU-213N; Yamatokohki, Saitama, Japan) and washed with the same buffer.
For the preparation of 1-μm-thick sections, we selected four regions of xylem: the current and previous years' xylem (Fig. 1a) , the middle part of the sapwood (Fig. 1b) , the intermediate wood (Fig. 1c) and the outer part of the heartwood (Fig. 1d ). Samples were trimmed into small blocks (longitudinal × tangential × radial direction, 2 × 1 × 3 mm 3 ) and fixed for 2 h at room temperature in a 4% solution of glutaraldehyde in 0.1 M phosphate buffer. After washing with the same buffer, the small blocks were immersed in 2% osmium tetroxide in the same buffer for 2 h at room temperature. Then, the blocks were washed with the same buffer, dehydrated through a graded ethanol series and embedded in epoxy resin (EPON812; TAAB, Berkshire, UK). Radial sections of 1-μm thickness were cut with a glass knife on an ultramicrotome (Ultracut N; Reichert, Vienna, Austria).
Morphology of nuclei and rates of survival of ray parenchyma cells
It was previously shown that the death of ray parenchyma cells was associated with morphological changes and disappearance of nuclei [8, 9, 21] . To investigate the progress of the death of ray parenchyma cells, we observed morphology and disappearance of nuclei. Radial sections of 40-μm thickness were stained with a 1% aqueous solution of acetocarmine for observations of nuclei [21] . Sections were examined under a light microscope (Axio Scope. A1; Carl Zeiss, Oberkochen, Germany).
Rates of survival of ray parenchyma cells were calculated for each annual ring. Each rate was determined as the percentage of ray parenchyma cells that contained a nucleus among at least 100 ray parenchyma cells that were located in the middle part of the earlywood [8, 9] .
Visualization of starch grains, proteins and lipid droplets in ray parenchyma cells
For observations of cellular contents, starch grains and proteins, radial sections of 1-μm thickness were stained with a 1% aqueous solution of toluidine blue in 1% sodium borate [22] , a 1% aqueous solution of iodine-potassium iodide (I 2 -KI) [23, 24] , and a 0.2% solution of amido black 10B (amido black) in 7% acetic acid [9] , respectively. For observations of lipid droplets, radial sections of 1-μm thickness were examined without additional staining because lipid droplets had already been stained by osmium tetroxide. All the sections were examined under a light microscope (Axio Scope. A1 or Axioskop; Carl Zeiss, Oberkochen, Germany).
Terminology
Heartwood is defined as the inner layers of wood which, in the growing tree, have ceased to contain living cells [25] . In C. japonica, the color of xylem is also an indicator of heartwood. To show the relative radial positions in stems, we refer to xylem that is colored with heartwood substances as heartwood in this report.
In the present study, we use the term 'intermediate wood' for the white-colored xylem in the inner region of sapwood in the green condition. Our intermediate wood corresponds to the "white zone" of Nobuchi et al. [18] and Nobuchi and Harada [26] .
Results
Morphology of nuclei in ray parenchyma cells
We observed nuclei, stained with acetocarmine, in ray parenchyma cells from the current year's xylem to the twelfth annual ring from the cambium. Fusiform and elliptical nuclei were detected in the current year's xylem (Fig. 2a, d ). Their shapes changed to spherical from the current year's xylem toward the heartwood (Fig. 2b, e) . Moreover, condensed and deformed nuclei were observed between the middle part and the inner part of the twelfth annual ring from the cambium (Fig. 2c, f) .
Rates of survival of ray parenchyma cells and color of xylem
From the eighth to the eleventh annual rings from the cambium, we observed white-colored xylem, namely intermediate wood (shaded region in Fig. 3 ). In the inner part of the twelfth annual ring from the cambium, the color of the xylem changed to brown (the inner region of the intermediate wood in Fig. 3) .
Death of ray parenchyma cells was detected first in the earlywood of the seventh annual ring from the cambium (an arrow in Fig. 3 ). After the start of cell death, rates of survival of ray parenchyma cells were high in the eighth and ninth annual rings from the cambium that is to say in the outer part of the intermediate wood. In the tenth and eleventh annual rings from the cambium, namely from the middle part to the inner part of the intermediate wood, many ray parenchyma 
Contents of ray parenchyma cells in the previous year's xylem
Radial serial sections of 1-μm thickness were used for identification of the contents of ray parenchyma cells (Fig. 4) . In the section without additional staining in Fig. 4a , lipid droplets were detected as osmiophilic substances (a yellow arrowhead). A nucleus was observed in the same section (a white arrow in Fig. 4a ). Sections stained with toluidine blue yielded higher contrast than those without staining (Fig. 4b) . Spherical or elliptical vacuoles that were smaller than nuclei were evident (black and white arrowheads in Fig. 4b ), and some of them contained aggregates (a black arrowhead in Fig. 4b ). Granular materials, stained by I 2 -KI, were identified as starch grains (a black arrow in Fig. 4c) . Furthermore, vacuoles containing aggregates were stained by amido black (a black arrowhead in Fig. 4d ). These observations indicated that the aggregates in the vacuoles that had been stained by toluidine blue were proteins.
Morphology and functions of vacuoles in ray parenchyma cells
We investigated changes in the morphology and functions of vacuoles in the radial direction from the cambium towards heartwood after staining with toluidine blue (Fig. 5) . We selected the following region as representative for detection of changes in vacuole function: the current year's xylem (differentiating xylem); the sixth annual ring from the cambium (middle part of the sapwood); and the region from the tenth to the twelfth annual rings from the cambium (from the intermediate wood to the outermost part of the heartwood) (Fig. 1) .
In the inner earlywood of the current year's xylem (differentiating xylem), ray parenchyma cells had fusiform nuclei (a white arrow in Fig. 5a ) and large central vacuoles (a black arrowhead in Fig. 5a ). In the middle part of the earlywood in the sixth annual ring from the cambium (the middle part of the sapwood), elliptical nuclei (a white arrow in Fig. 5b ) and many small vacuoles (black arrowheads in Fig. 5b) were found in the ray parenchyma cells. All of the small vacuoles contained proteins. In the middle part of the earlywood in the ninth annual ring from the cambium (the outer part of the intermediate wood), ray parenchyma cells had elliptical nuclei and vacuoles that contained proteins (data not shown).
In the middle part of earlywood in the tenth annual ring from the cambium (middle part of the intermediate wood), elliptical nuclei were observed in the ray parenchyma cells (a white arrow in Fig. 5c ). Some vacuoles were obviously deformed and contained almost no protein (a white arrowhead in Fig. 5c ). These deformed vacuoles had an irregular profile. By contrast, vacuoles that contained proteins were not deformed and had a smooth profile (a black arrowhead on the left side in Fig. 5c ). In the middle part of the earlywood of the eleventh annual ring from the cambium (inner part of the intermediate wood), ray parenchyma cells had elliptical nuclei (a white arrow in Fig. 5d ). The number of deformed vacuoles in each of the ray parenchyma cells tended to be greater than in the tenth annual ring from the cambium (white arrowheads in Fig. 5e ). In addition, there were more ray parenchyma cells with deformed vacuoles than in the tenth annual ring from the cambium. Moreover, some large vacuoles had been observed but they had contained almost no protein (a black arrow in Fig. 5d ). In some ray parenchyma cells, we observed both deformed vacuoles and large vacuoles (a black arrow and white arrowheads in Fig. 5d, e) .
In the outer part of the earlywood in the twelfth annual ring from the cambium (outer region of the outermost part of the heartwood), ray parenchyma cells had elliptical nuclei (data not shown). In the same outer part of this earlywood, all the vacuoles were almost devoid of protein and many of them were obviously deformed (data not shown). In the middle part of the earlywood in the same annual ring (middle region of the outermost part of the heartwood), ray parenchyma cells had condensed nuclei (a white arrow in Fig. 5f ). All vacuoles were deformed and contained almost no protein (white arrowheads in Fig. 5f ). In the innermost part of the earlywood in the Fig. 3 The rates of survival of ray parenchyma cells, as determined from the current year's xylem to the annual ring in which all ray parenchyma cells had lost their organelles. An arrow indicates the first observed cell death. The shaded region indicates the intermediate wood. From the twelfth annual ring from the cambium to the pith, the color of xylem was typical of the heartwood of Cryptomeria japonica. The definitions of intermediate wood and heartwood are described in "Terminology" in "Materials and methods" same annual ring (inner region of the outermost part of the heartwood), ray parenchyma cells lacked nuclei and vacuoles (Fig. 5g) . Some ray parenchyma cells were filled with numerous osmiophilic aggregates (yellow arrowheads in Fig. 5g ) and some lipid-like oily droplets (yellow arrows in Fig. 5g) . Figure 6 summarizes the timing of the morphological changes in vacuoles and nuclei and the changes in the contents of vacuoles in ray parenchyma cells, after toluidine blue staining, from the current year's xylem to the twelfth annual ring from the cambium in C. japonica in May, when secondary xylem was actively differentiating.
Discussion
Turgor pressure, which is caused by the uptake of water into vacuoles and increase in the volume of vacuoles, is important for the expansion and elongation of cells [27, 28] . In the current year's xylem, we observed large central vacuoles in the differentiating ray parenchyma cells (Figs. 5a, 6a) . These large central vacuoles might be involved in the elongation of ray parenchyma cells.
In ray parenchyma cells from the previous year's xylem to the eleventh annual ring from the cambium, some (Figs. 4, 5b-d, 6b-d) . In general, cells of the vegetative and generative organs of plants contain protein storage vacuoles (PSVs) [29, 30] . Thus, the vacuoles that were stained by toluidine blue and amido black in ray parenchyma cells are likely to be PSVs. Hereafter, we use the abbreviation 'PSV' for a vacuole that was stained by toluidine blue and 'non-PSV' for a vacuole that was not stained by toluidine blue. In the previous year's xylem, ray parenchyma cells contained both PSVs and non-PSVs (Fig. 4) . By contrast, in the sixth and ninth annual rings from the cambium, namely, in the middle part of the sapwood and the outer part of the intermediate wood, all the vacuoles in ray parenchyma cells were PSVs (Figs. 5b, 6b) . These observations suggest that the main function of vacuoles in ray parenchyma cells might be storage of proteins from the outer part of the sapwood to the outer part of the intermediate wood. It was reported that PSVs contain hydrolytic enzymes and function in autophagy, even when proteins are accumulated [29, 31] . Therefore, PSVs in ray parenchyma cells from the outer part of the sapwood to the outer part of the intermediate wood might also function in autophagy for maintenance of cellular homeostasis. In the eleventh annual ring from the cambium (the inner part of the intermediate wood), the numbers of deformed vacuoles were greater than those in the outer part of the intermediate wood. In addition, they contained large vacuoles and elliptical nuclei. e In the middle part of the earlywood of the twelfth annual ring from the cambium (the middle region of the outermost part of the heartwood), ray parenchyma cells contained deformed vacuoles and condensed nuclei exclusively. f Finally, in the inner part of the earlywood of the twelfth annual ring from the cambium (the inner region of the outermost part of the heartwood), ray parenchyma cells contained lipid-like oily droplets and osmiophilic aggregates but no organelles From the middle part to the inner part of the intermediate wood, we observed deformed vacuoles in ray parenchyma cells (Figs. 5c-f, 6c-e) . The profiles of these deformed vacuoles were irregular, suggesting that deformed vacuoles might have been ruptured. Some ray parenchyma cells contained ruptured vacuoles, as well as PSVs and/or non-PSVs (Figs. 5c-e, 6c, d ). Both the number of ruptured vacuoles in each cell and the number of ray parenchyma cells that contained ruptured vacuoles increased from the middle part toward the inner part of the intermediate wood (Figs. 5c-f,  6c-e) . Furthermore, there were no morphological changes in nuclei in ray parenchyma cells from the middle part to the inner part of the intermediate wood (Figs. 2b, e, 5c-e, 6c-d) . During the programmed cell death of tracheary elements in the Zinnia system in vitro, the vacuole rupture is followed by the rapid degradation of nuclei and other organelles [14] [15] [16] . By contrast, ray parenchyma cells might retain their organelles for some time after the initiation of vacuole rupture (Figs. 5c-f, 6c-e).
Nobuchi and Harada [19] reported finding large vacuoles in the inner intermediate wood (white zone) of C. japonica by transmission electron microscopy. They suggested that these large vacuoles might be involved in autophagy [19] . In the present study, we identified the timing of rupture of these large vacuoles. In the inner part of the intermediate wood, some non-PSVs had clearly enlarged and others were ruptured (Figs. 5d, e, 6d ). In the same region, all the ray parenchyma cells contained elliptical nuclei (Figs. 5d, 6d ). In the middle region of the outermost part of the heartwood, all the vacuoles had been ruptured and ray parenchyma cells contained condensed nuclei (Figs. 5f, 6e ). In the inner region of the outermost heartwood, only osmiophilic aggregates and some lipid-like oily droplets were observed (Figs. 5g,  6f ). These observations suggest that dramatic changes associated with autolysis might start after the rupture of enlarged vacuoles. In tracheary elements, the autolysis of cellular contents follows rupture of a central vacuole [14] [15] [16] . Similarly, enlarged non-PSVs might play a critical role in the completion of autolysis of the contents of ray parenchyma cells in the inner part of the intermediate wood.
The present study revealed that vacuoles play important roles in protein storage in sapwood and the completion of autolysis in the inner part of the intermediate wood. In addition, we detected obvious changes in the contents of vacuoles in ray parenchyma cells in the intermediate wood.
The number of PSVs tended to decrease and the number of non-PSVs tended to increase towards the inner part of the intermediate wood (Figs. 5c-f, 6c-e) . It was reported that PSVs are converted into large central lytic vacuoles (LVs) by degradation of storage proteins and accumulated hydrolytic enzymes in the vacuoles of aleurone cells during endosperm maturation in cereal grains [29] . It is possible that these large central LVs are involved in the final quick degradation of the cytoplasmic contents due to the vacuole rupture and release of hydrolytic enzymes into the cytoplasm [13, 29] . Similar changes in vacuoles might occur in ray parenchyma cells from the outer part to the inner part of the intermediate wood. Therefore, the initial change in vacuoles might be a dramatic decrease in storage proteins in the intermediate wood during the death of ray parenchyma cells.
In this study, we investigated the timing of vacuole rupture, morphological changes, and the disappearance of nuclei during the death of ray parenchyma cells in C. japonica in May, when secondary xylem was actively differentiating. Our observations suggest the following three characteristics of changes in vacuoles; (1) the initial change in vacuoles might be a dramatic decrease in storage proteins in PSVs in the intermediate wood; (2) in ray parenchyma cells in the intermediate wood, not all vacuoles are ruptured at the same time even in the same cells; and (3) rupture of enlarged vacuoles might result in autolysis of cellular contents in ray parenchyma cells in the outermost part of the heartwood.
